It is proposed that the neutral, B=2, flavor singlet sexaquark (S) composed of uuddss quarks, has mass mS 2 GeV. If mS < 2(mp + me), it is absolutely stable, while for mS < mp + me + mΛ, τS can be > τUniv. Lattice gauge theory cannot yet predict mS but indirect evidence supports the hypothesis of stability. A stable S is consistent with QCD theory and would have eluded detection in accelerator and non-accelerator experiments. If it exists, the S is a good Dark Matter candidate. Analyses of existing Upsilon decay and LHC data are proposed which could discover it and measure its mass.
INTRODUCTION
Fermi statistics gives the 6-quark combination uuddss a privileged status. Uniquely among 6-light-quark states, the spatial wavefunction of the S can be totally symmetric, at the same time that the color, flavor, and spin wavefunctions are simultaneously individually totally antisymmetric. (Other 6-quark states are not spatially symmetric, e.g., the deuteron is a loosely bound pair of nucleons, and states containing heavier quarks would not be stable.) The S is a spin-0, flavor-singlet, parity-even boson with Q=0, B=2 and S=-2. Very general most-attractive-channel arguments, e.g., [1] [2] [3] , imply the S should be the most-tightly bound state of its class, analogous to the He nucleus' deep binding and the singlet hyperfine state in hydrogen being lower in energy than the triplet.
The tendency for attraction in the uuddss case was pointed out by R. Jaffe 40 years ago. He used a 1-gluon-exchange bag model calculation of hyperfine splitting [4] to estimate a mass of ≈ 2150 MeV and called the state the H-dibaryon. With this mass, m H > m p + m e + m Λ and the H has a typical weak interaction lifetime O(10 −10 s). Numerous experiments to discover the H-dibaryon had null results. Observation of hyperon decay products from an S=-2 hypernucleus, was widely taken to be evidence against the existence of a strong-interaction stable H-dibaryon [5, 6] . Strong limits on production of a narrow Λpπ − resonance in the final states of Υ decay [7] , and negative searches for new neutral decaying particles [8] [9] [10] [11] , are evidence against an H-dibaryon with a typical weak-interaction lifetime. The beam-dump + time-offlight experiment to search for new long-lived neutral particles of Gustafson et al. in 1976 [12] explicitly excluded consideration of masses less than 2 GeV due to the overwhelming neutron background. [13] However instead of being fairly loosely-bound, the singlet uuddss sexaquark may be a deeply bound state with low enough mass to be stable or essentially stable. It is shown below that such a particle could have eluded all searches to date. Two experiments are proposed to discover it if it exists. The particle is denoted "S" for Sexaquark, Singlet, Scalar, Strong and Stable; a fresh designation is appropriate because the proposed tightly bound S bears scant resemblance to Jaffe's short-lived dihyperon bound state mostly considered before.
Eventually lattice QCD should be able to answer the question of whether a stable sexaquark exists. The best study to date shows a strongly bound state in the B=2, S=-2 channel [14] , but that study is still far from the physical limit with respect to quark masses and infinite volume. It uses quark masses of 850 MeV, so the quarks are non-relativistic which is far from the realistic ultra-relativistic situation. Theory provides a guide as to how to extrapolate meson and baryon masses calculated for feasible quark masses, to the physical few-MeV quark mass limit; such guidance is not available for the S, whose behavior in the relativistic-quark regime must be determined by careful simulations. Moreover reaching the infinite volume limit is exponentially more difficult with increasing number of constituents [15] .
Baryon number conservation implies that the S is absolutely stable if m S ≤ 2 (m p + m e ) = 1877.6 MeV, while if m S < m p + m e + m Λ = 2054.5 MeV, it decays via a doubly-weak interaction and its lifetime could be longer than the age of the Universe [16] . I will drop the distinction and call both cases "stable" below.
The general argument for strong attraction in the flavorspin-color singlet channel, which is supported by lattice QCD [14] , implies there should be a uuddss bound state with mass < 2m Λ , but experiment disfavors such a state with mass 2 GeV. Together, this is indirect evidence for a stable state with mass 2 GeV.
A stable S is a potentially excellent dark matter candidate [17, 18] , a possibility first noted in [19] . The predicted value of Ω DM /Ω b for sexaquark DM, which follows from the Boltzmann equation in the quark-gluon plasma in an essentially model-independent way, agrees well with observation [17] . Existing direct detection limits are in general inapplicable due to S scattering with gas in the Galactic disk, which can drive SDM toward approximate co-rotation with the solar system [20] . (Direct detection limits were improved in [21] but without including co-rotation. Standard limits have recently been shown to require further updating due to inefficient thermalization of the signal in XQC [22] and non-trivial quantum mechanics in the A-dependence of the cross-section [23] .) The mild heating of the gas induced by DM-gas interactions can help resolve the star-formation-quenching problem of LCDM [20] and X-ray cluster cooling [20, 24, 25] . Primordial nucleosynthesis limits on unseen baryons do not apply because S's are not attracted to nucleons and do not form nuclei [26] . To first approximation the formation of structure proceeds as for LCDM, but S-nucleon scattering exerts a very tiny drag which may have observable effects [18] ; it is not yet clear whether this may be a source of tension [27, 28] , or in fact helps alleviate existing tensions within LCDM such as local versus CMB-derived values of H 0 and σ 8 [29] .
MASS OF THE SEXAQUARK
There is no good empirical analog for estimating m S based on other hadron masses. The S is a scalar, so chiral symmetry breaking has no obvious implications for its mass, and the mass of the S has no a priori relation to the masses of baryons. Model predictions for the H-dibaryon mass cover a wide range from stable to unbound. Kochelev calculated a mass of 1718 MeV in the instanton liquid model [30] (citing [31] in disputing the claim of [32] that three-body repulsion due to light-quark-instanton coupling unbinds the H entirely); an independent assessment is needed.
A stable 6-quark state seems implausible to most particle physicists, due to the widespread but unjustified reliance on intuition from the naive constituent quark model: the prescription that each valence light (strange) quark has an effective mass of ∼ 300 (450) MeV. However the non-relativistic, weakly-bound constituent quark picture is not theoretically justified at all. The light quark masses are < 5 MeV, and the strange quark mass is < 100 MeV (c.f. [33] ). Hence hadrons made of light and strange quarks are highly relativistic bound states, whose mass is virtually entirely dynamical.
The invalidity of the naive quark model is manifest in the masses of the pseudoscalar mesons: π 0,± masses are 135 and 140 MeV instead of ∼ 600 MeV, and the η mass is 958 MeV rather than ∼ 600 − 700 MeV. The low masses of octet pseudoscalarmesons are associated with their being the pseudo-Goldstone bosons of chiral symmetry breaking, while the large mass of the η relative to the octet pseudoscalars is attributed to the chiral anomaly [34, 35] . But from the perspective of relativistic quark-gluon bound states, the diversity of masses of hadrons containing light (u, d, s) quarks arises from the subtleties of relativistic dynamics in different flavor and spin combinations of quarks, anti-quarks and gluons, and the existence of fundamentally non-perturbative gluon and quark condensates.
Only 16% binding energy relative to two Λ's is enough for the S to be absolutely stable, or 10% to have a lifetime longer than the age of the Universe [16] -small compared to the O(1) mass shifts relative to the naive quark model in the meson sector. This, along with the indirect argument that some binding in the singlet channel is practically inescapable, yet a mass above 2 GeV appears excluded experimentally, is strong motivation for experimental searches for a stable S.
PROPERTIES, INTERACTIONS AND STABILITY
Three crucial attributes of the conjectured stable S are responsible for its not having been detected so far:
• Its mass makes it difficult to distinguish kinematically from the neutron.
• It is neutral and a flavor-singlet, so it does not couple to photons, pions and most other mesons.
• It is probably considerably more compact than ordinary baryons.
Being a flavor-SU(3) singlet, the S cannot couple to flavoroctet mesons, except through an off-diagonal coupling transforming it to a much heavier flavor-octet di-baryon. This lack of coupling to the light pseudoscalars implies a smaller spatial extent than octet mesons and baryons. The charge radius of a nucleon is 0.9 fm in spite of its Compton wavelength being 0.2 fm, thanks to the cloud of pions surrounding it. The S, with no surrounding pion cloud, should have a spatial extent somewhere between its Compton wavelength, ≈ 0.1 fm, up to ≈ 0.4 fm if it has a maximal cloud of f 0 mesons.
The S-nucleon scattering cross section can be estimated to be σ SN ( The potential is difficult to predict from first principles, so for the timebeing needs to be treated empirically 1 . The S does not bind to nuclei to form exotic isotopes because the SN potential is too weakly attractive or possibly not attractive at all [23, 37] .
The production of S in baryon collisions and the stability of nuclei against decay to S depends on the wavefunction overlap between the S and two baryons. The overlap was calculated in [16] , for free baryons and for baryons in a nucleus, using the Isgur-Karl parameterization of the spatial distribution of quarks which allows the center-of-mass coordinate to be conveniently separated. Fig. 1 (adapted from Fig. 2 of [16] ) shows the dimensionless overlap between S and baryons (Bs) in a nucleus, as a function of f , the ratio of baryon to S radii, for various nuclear wavefunctions and two values of the size parameter α B . Below the red line, |M| 2 {BB }→S
10
−8 , the formation time of an S in an S=-2 hypernucleus is greater than ∼ 10 −9 s (c.f. eq. (28) of [16] ). Thus non-observation of hyperon decay products [5, 6] is comfortably compatible with the bulk of the range expected from nuclear physics. Such a small overlap would imply that even if m S < 2m N , nuclei are stable on the scale of the lifetime of the Universe [16] and neutron stars do not decay to S's. (Depending on the mass and radius of the S, and uncertain details of the nuclear short range potential, it might be possible for SuperKamiokande and SnoLab to detect rare occurrences of nucleon fusion via processes such as {p n} → S e + ν e or {n n} → S π 0 , S γ, etc., where {} denotes in a nucleus. Pion production might already have been noticed, suggesting it may be possible to limit m S from below to m S 2m N − m π ≈ 1.7 GeV [16] .)
Nuclei are absolutely stable and the S is unstable, if m S > 2(m p + m e ). But the S can be effectively stable with τ S > τ Univ , if m S < m p +m e +m Λ (so decay is doubly-weak) and the wavefunction overlap is sufficiently small. The condition required for this was estimated to be r S 0.3 fm [16] .
How to model S andS production in hadronic interactions varies strongly with the conditions. In exclusive or lowmultiplicity interactions at relatively low energy, the overlap |M| BB →S is small due to Fermi-statistics of overlapping identical baryons. As the relative momentum of the baryons increases, the suppression of the overlap diminishes and |M| 2 BB →S becomes significantly larger than |M| 2 {BB }→S shown in Fig. 1 [16] . (A re-examination of the old H-dibaryon searches is warranted, to evaluate whether non-observation of an H with m H ≥ 2 GeV can be due to insufficient sensitivity, when wavefunction-overlap suppression of its production is taken into account.)
In high-multiplicity inclusive reactions, the production rate can be estimated by extending the heuristic that there is a price of O(10 −1 ) for each additional quark in the state, based on the meson to baryon ratio in the central region of high energy collisions and Z decay. If applicable, this heuristic suggests an S (S) production rate in hadronic interactions ≈ 10 −4 to 10
relative to pions, depending on whether a factor-10 penalty applies just for the quarks in the S (S) or also for those in the accompanying (anti-)baryons. With an O(10 −4 − 10 −6 ) production rate relative to pions, S's would be routinely produced in high-energy experiments. However even at this production level they do not call enough attention to themselves to have been recognized. The abundance of neutrons would be O(10 3−5 ) larger than S's, and neutrons have similar behavior: neutral, same mass range, relatively low interaction probability in most detectors. In cases when an S orS does interact, if noticed, the interaction would normally be dismissed as an occasional hadronic interaction of a neutron or anti-neutron.
In addition to being electrically neutral, the S has spin-0 and its spatial wavefunction is perfectly symmetric in the equal uds quark mass limit. Thus its coupling to photons is additionally suppressed by SU(3) flavor symmetry and powers of r S , the S radius. For r S 0.4 fm, S coupling to γ's can only be non-neglible for momentum-transfer O(0.5 GeV), so elastic scattering of S with gammas is not astrophysically or cosmologically relevant.
STRATEGIES FOR DISCOVERING A STABLE S
Since existing methods for searching for an H-dibaryon would not have been capable of discovering a compact, stable S below 2 GeV, a new approach is needed [13] . The basic discovery strategy for a stable S, if it exists, is to use the unique B= ± 2, S= ∓ 2 quantum numbers of the S andS, and the fact that B and S are conserved by the strong interactions, to infer the existence of an unseen S orS. Two promising approaches are outlined below, which can in principle not only provide a smoking gun for the existence of a weak-interaction stable S via "missing BS", but also measure its mass.
Upsilon decay:
The exclusive reactions are ideal discovery channels. The mass of the unseen S can be reconstructed from 4-momentum conservation:
2 . The width of the missing-mass peak is entirely due to resolution which is so good in some detectors, O (20) MeV, that even a few events appearing to beΛΛ or ΛΛ + pions or gamma, having a common missing mass, would be a powerful smoking gun for the existence of the S and would accurately determine its mass.
The initial state can be any Υ or continuum state below open-bottom threshold. Other final states besides ΛΛ/ΛΛ are also discovery avenues, e.g., Ξ − p, or a Λ can be replaced by K − p. As long as no B-and S-carrying particle escapes detection besides the S orS, any combination of hyperons and mesons with B= ± 2, S= ∓ 2 quantum numbers, including final states with higher multiplicities, can be used. TheΛΛ and ΛΛ final states are very good because the Λ's short decay length (cτ = 8 cm) and 64% branching fraction to the 2-body charged final state p π − , means Λ's andΛ's can be reconstructed with high efficiency, and their 4-momentum wellmeasured.
At least one pair of final particles in Υ → SΛΛ must have L = 1 to satisfy angular momentum and parity conservation and Fermi statistics, but the 10 GeV CM energy provides plenty of phase space. A high degree of hermeticity in the detector is valuable, for capturing all the particles which should be included in the missing mass reconstruction and eliminating missing baryon number and strangeness. Even if some particles are missed, the chance of missing them in ∆B = ±2, ∆S = ∓2 combinations is very small and these cases would not produce a narrow missing mass peak. Conventional background could come from missing (anti-)neutrons and K 0 L 's, and/or mis-IDing particles which balance the strangeness and baryon number. The differential cross sections for conventional final states posing a spoofing challenge can be measured, so it should be possible to reliably simulate the sensitivity and expected missing mass resolution and "dilution" from missing particles.
A simple statistical picture described in the Supplemental Materials [13] gives an estimate of the inclusive branching fraction for S andS production, BF S ≈ 3 × 10 −7 . The Belle collaboration [38] reports branching fractions for a number of exclusive decays of Υ(1S) and Υ(2S), based on samples of 102 and 158 million events respectively, with another 600M events at the Υ(3S); BaBar collected roughly 200M events on Υ(2S) and Υ(3S). Thus there should be at least several hundred events with an S orS, and possibly many thousands, if the 10 −4 −10 −6 heuristic applies, within the existing datasets.
Production in hadronic collisions:
Fixed target experiments in an intense beam, e.g., K − p → SΛ followed byΛ →p π + in NA61, can in principle discover the S, but the small wave-function overlap between S and baryons implies the rates could be negligibly small. A more promising strategy is to take advantage of the tremendous luminosity of the LHC, and look for characteristic decay chains afterS annihilation in the beam-pipe or detector, e.g., S + N →Ξ +,0 + X, withΞ +,0 →Λπ +,0 &Λ →pπ
S's should have a similar transverse-energy distribution as other hadrons, i.e., < p t > O(1) GeV. The anti-baryon produced inS annihilation in a central tracker will commonly be aΞ +,0 with γ ∼ 1 which decays in O(5) cm toΛπ +,0 , followed 64% of the time byΛ →pπ + in ∼ 8 cm. Observing such distinctive production/decay chains provides unambiguous evidence for a B=-2, S= +2 neutral particle that initiated the annihilation interaction in the beam pipe or detector. ComplementingΞ production areSn →ΛK 0 S , where the double "V "s locate the annihilation vertex andΛ ID proves the initiating particle has B = −2, andSp →ΛK + , where the B = −2, S = +2 of the initial state is unambiguous.
There are ≈ 30 charged particles with pseudo-rapidity |η| < 2.4, for 7 TeV LHC p-p collisions [39] , so the number ofS's produced with pseudo-rapidity |η| < 2.4 in a dataset with N 11 10 11 recorded interactions is NS ≈ 3f 
10
−6 σ N N , acknowledging that the annihilation reaction is at relatively low energy so the penalty of the overlap suppression is more severe than that for production in the original high energy collision. Finally, take the fraction of annihilation final states containingΞ,Λ to be fΞ ,Λ , where we expect fΞ ,Λ ∼ O(1) for low √ s annihilation. Thus the number of potentially reconstructable annihilation+decay chains is
This is encouraging, and if using the existing dataset proves insufficient, the distinctive decay chains may allow for a dedicated trigger which could effectively increase the sample by up to a factor ≈ 10 5 , for any given integrated luminosity. In some subset of events, all the final particles of the annihilation will be identified and their 3-momenta adequately measured. With these events, the 3-momentum and kinetic energy of theS can be deduced from energy-momentum conservation, modulo the nuclear Fermi-momentum of the nucleon on which theS annihilates. In principle, this should enable the mass of theS to be measured. Whether this is feasible in practice must be determined empirically and with detailed detector simulations. Production of S andS has been implemented in the microcanonical fireball contribution to final states in the event generator EPOS-LHC, which will facilitate detector studies for LHC and for Υ decay [40] .
CONCLUSION
Existing experiments and current knowledge of nonperturbative QCD are compatible with the existence of a sofar-undiscovered stable or very long-lived B=2, S=-2, Q=0 sexaquark denoted S. Past experiments probably rule out m S 2 GeV, but the crucial range below 2 GeV has yet to be explored.
Unambiguously demonstrating the existence of a population of events with apparent baryon-number and strangeness violation, in the pattern ∆B = ±2, ∆S = ∓2, would be a smoking-gun for the existence of the S. However due to the small wave-function overlap between S and two baryons, the production rate of S's is very small in low energy hadronic collisions, whereas in high energy collisions, with higher production rate, the S is difficult to identify due to its similarity to the vastly more copious neutrons.
Two experimental strategies to discover a stable S, which overcome these problems, have been proposed here. In both cases, the S orS itself is not directly observed:
• Search in Υ decays for final states with apparent B=±2 and S = ∓2, corresponding to, e.g.,SΛΛ or SΛΛ (plus pions).
• Search in LHC events for the B=-1, S=+2 signature of the final state ofS annihilation in the beam pipe or detector.
The two new proposed strategies overcome the problems with a conventional search in complementary ways: in Υ decay, the short-distance nature of the gluonic source reduces the penalty associated with the S's spatially compact wave function, while the LHC search forS annihilation in the beam pipe and detector, exploits a distinctive signature which makes finding the needle-in-the-haystack feasible.
Belle and Babar may have hundreds or thousands of events containing S andS's, and the LHC could have even more events withS annihilating in the beam pipe or detector. The mass of the S should be measurable via missing mass in exclusive Υ decay, and can in principle be deduced from energymomentum conservation in LHCS annihilation and subsequent decay chains.
